. Inhibition of cGMPspecific phosphodiesterase type 5 reduces sodium excretion and arterial blood pressure in patients with NaCl retention and ascites. Am J Physiol Renal Physiol 288: F1044 -F1052, 2005. First published December 21, 2004; doi:10.1152/ajprenal.00142.2004In the present study, we tested the hypothesis that inhibition of renal phosphodiesterase type 5 (PDE5) in patients with liver cirrhosis and ascites increases sodium excretion. The effect of sildenafil citrate was studied in a randomized double-blind. placebo-controlled crossover study. Diuretics were withdrawn, and a fixed sodium diet (100 mmol/day) was given to the patients for 5 days before both study days. After a 60-min basal period, eight patients received either oral sildenafil (50 mg) or placebo. Glomerular filtration rate (GFR) and renal blood flow (RBF) were determined by 99m Tc-diethylenetriamine-pentaacetate and 131 I-hippuran clearances. In human nephrectomy specimens, PDE5 mRNA was expressed at similar levels in the cortex (n ϭ 6) and inner medulla (n ϭ 4). Histochemical staining showed PDE5 immunoreactivity in collecting ducts and vascular smooth muscle. At baseline, cirrhotic patients exhibited elevated plasma concentrations of ANP, renin, ANG II, and aldosterone that did not differ on the 2 study days. Basal sodium excretion was similar at the 2 study days (median 17 and 18 mmol, respectively), and patients were in positive sodium balance. Sildenafil increased heart rate, plasma renin activity, plasma ANG II, and aldosterone concentrations significantly after 60 min. Plasma cGMP concentration was increased after 120 and 180 min, and urinary sodium excretion and mean arterial blood pressure were decreased significantly at 120 and 180 min. Plasma ANP concentration, GFR, and RBF did not change after sildenafil. In patients with ascites and cirrhosis, inhibition of PDE5 did not promote natriuresis but led to increased plasma levels of the renin-angiotensinaldosterone system. kidney; sildenafil; viagra; ANP; renin A RELATIVE RESISTANCE TO THE natriuretic action of atrial natriuretic peptide (ANP) has been observed in sodium-retaining conditions such as nephrotic syndrome (40), congestive heart failure (35), and, in particular, cirrhosis of the liver. In liver cirrhosis the normal natriuretic effect of endogenous ANP or exogenously administered ANP 99 -126 is blunted (12, 22, 33, 42) . This phenomenon cannot be explained by the existence of a modified or less biologically active peptide in cirrhosis (17, 38) . Moreover, the responsiveness of plasma ANP and urinary cGMP excretion is intact; both increase in parallel after experimental volume expansion such as head-out water immersion (10, 34), saline infusion (36), and peritoneovenous shunting (7, 19) or decrease in parallel in response to diuretic-induced volume contraction (16). The exact mechanism(s) for this ANP resistance has not been established but may involve a mechanism at the postreceptor level or an increased activation of antinatriuretic systems like the renin-angiotensinaldosterone system (RAAS) and the sympathetic nervous system (25, 37).
A RELATIVE RESISTANCE TO THE natriuretic action of atrial natriuretic peptide (ANP) has been observed in sodium-retaining conditions such as nephrotic syndrome (40) , congestive heart failure (35) , and, in particular, cirrhosis of the liver. In liver cirrhosis the normal natriuretic effect of endogenous ANP or exogenously administered ANP 99 -126 is blunted (12, 22, 33, 42) . This phenomenon cannot be explained by the existence of a modified or less biologically active peptide in cirrhosis (17, 38) . Moreover, the responsiveness of plasma ANP and urinary cGMP excretion is intact; both increase in parallel after experimental volume expansion such as head-out water immersion (10, 34) , saline infusion (36) , and peritoneovenous shunting (7, 19) or decrease in parallel in response to diuretic-induced volume contraction (16) . The exact mechanism(s) for this ANP resistance has not been established but may involve a mechanism at the postreceptor level or an increased activation of antinatriuretic systems like the renin-angiotensinaldosterone system (RAAS) and the sympathetic nervous system (25, 37) .
The natriuretic effect of ANP is thought to be mediated by binding of the hormone to the natriuretic peptide receptor type A (NPR-A) in kidney collecting ducts, which leads to cGMPmediated inhibition of apical sodium transport. Pharmacological inhibition of phosphodiesterase (PDE) type 5, a cGMPspecific phosphodiesterase, enhances the natriuretic effect of ANP in rats (44) . These data indicate that degradation of cGMP by PDE5 in renal ANP target cells may contribute significantly to normal renal NaCl handling. An increased renomedullary PDE5 activity and a normal number of ANPbinding sites was detected in rats with liver cirrhosis and nephrotic syndrome, and administration of PDE5 inhibitors increased sodium excretion and tissue cGMP levels in these animal models (4, 21, 28) . Thus it appears as an attractive hypothesis that elevated renal PDE5 activity is responsible for, or contributes to, resistance to ANP in a number of pathophysiological settings with volume expansion. However, the concept has not yet been tested in human patients. In the present study, we therefore examined first whether PDE5 was expressed in normal human kidney, and second, whether sildenafil citrate (Viagra), an inhibitor of PDE5, increased sodium and water excretion in patients with decompensated cirrhosis of the liver. Patients with cirrhosis were chosen because cirrhosis is the best characterized condition where PDE5 inhibitors increase sodium excretion in animal models (4, 28, 29) . The study was designed as a randomized double-blind, placebo-controlled crossover study. Thus to test the hypothesis each patient was given a controlled NaCl intake for 5 days before the study and was examined twice on different days separated by at least 2 wk. Placebo or sildenafil was administered in a blinded fashion on alternate days and renal parameters and plasma hormones were determined.
MATERIALS AND METHODS
Expression and localization of PDE5 in rat and human renal medulla. To address the localization of PDE5, nephron segments from rat kidneys were microdissected and analyzed by RT-PCR as described (3) with the following primers: sense 5Ј-ACA TGT ATG CTC AGT ATG-3Ј, antisense 5Ј-CGT GCC TCC AAT TGT G 3-Ј (1577-2203 , 627 bp, GenBank accession no. nm133584). Samples of normal adjacent kidney tissue from kidneys removed due to renal cancer were obtained from patients undergoing radical nephrectomy at the Department of Urology, Odense University Hospital. Patients had given informed written consent to participate, and the study was performed in accordance with the Declaration of Helsinki and approved by the Institutional Review Board (IRB) and The Danish National Board of Health (no. 20010035). PDE5 expression was estimated by quantitative PCR and RNase protection assay as described previously (15) . In brief, total RNA was isolated from human tissue samples with an RNeasy Midi Kit (Qiagen, Rødovre, Denmark). RT-PCR was used to generate a fragment of human PDE5A1 cDNA: sense 5Ј-CCC ACT GAT CTA ATG AAC-3Ј antisense 5Ј-AAT CAG CAT CTT CTC CTG-3Ј (covering bases 2711-2905, 195 bp, GenBank accession no. xm003559). The PCR fragment was subcloned in plasmid pSP73, sequenced, and used to generate a radiolabeled antisense RNA probe by in vitro transcription with SP6 polymerase in the presence of [ 32 P]GTP (Amersham). Five hundred thousand counts per minute of the cRNA probe were hybridized with 5, 10, and 20 g total RNA and yeast tRNA at 60°C overnight and then digested with RNase A/T1 (20°C, 30 min) and proteinase K (37°C, 30 min). Protected fragments were separated on an 8% polyacrylamide gel. Autoradiography was performed at Ϫ80°C after 24 h. For quantitative PCR, 1 g total RNA was reverse transcribed with a cDNA synthesis kit (Bio-Rad), and 50 ng served as a template for PCR amplification using the SYBR-green reaction mix according to the manufacturer's instruction (Bio-Rad). Serial dilution of PDE5-plasmid DNA was used as template for generation of a standard curve. PDE5 standards and kidney cDNA samples were amplified in duplicate in 96-well plates, and PCR was performed for 42 cycles consisting of denaturation for 30 s at 95°C followed by annealing and polymerization at 60°C for 1 min. Fluorescence was detected during the annealing/extension step in each cycle. Specificity was ensured by melting curve analysis and by agarose gel electrophoresis.
Immunohistochemical analysis of PDE5 in human kidney. Kidney tissue was immersion fixed, paraffin embedded, and sectioned. After rehydration, tissue was microwaved for 20 min in DAKO antigen retrieval buffer and then incubated with polyclonal primary antibody (rabbit anti-PDE5, 1:500, Ab 16994, Chemicon International). Secondary antibody was horseradish peroxidase-coupled goat anti-rabbit immunoglobulin G (DAKO, Glostrup, Denmark) diluted 1:1,000. Sections were reacted with diaminobenzidine [(DAB)ϩ substrate chromogen system, DAKO] and counterstained with Mayer's hematoxylin for 30 s. Immunolabeling controls were performed by omission of primary antibody.
Effect of PDE5 inhibition on renal and cardiovascular parameters in patients with ascites and liver cirrhosis. The human intervention study was performed in accordance with the Declaration of Helsinki and approved by the IRB and The Danish National Board of Health (no. 20000223). Written informed consent was obtained from all participants after full explanation of the purpose, nature, and risk of all procedures. Inclusion criteria were the presence of cirrhosis in a liver biopsy or clinical and laboratory evidence of cirrhosis combined with years of excessive alcohol intake. All patients were being treated with diuretics and had a history of previous abdominal paracentesis or ultrasonic examination showing the presence of ascites. Excessive alcohol intake was the cause of liver disease in all patients. ChildPugh scores were 7-11. In six patients, portal hypertension was indirectly ascertained by the presence of esophagogastric varices at endoscopic examination. Exclusion criteria were signs of cardiovascular disease, diabetes mellitus, proteinuria (Ͼ0.3 g/24 h), gastrointestinal bleeding, or septic episodes within the last 14 days. Twelve patients with decompensated cirrhosis were recruited from the outpatient clinic. Eight patients completed the diet regimen and the intervention on both study days and were included (7 men/1 woman). One patient was excluded due to upper gastrointestinal bleeding during the run-in period, two patients did not want to attend the second study session, and one patient was excluded on the first study session due to a severe drop in blood pressure after sildenafil administration.
Experimental design. The study was a double-blinded, placebocontrolled crossover study. Each patient was investigated on 2 days separated by an interval of 2-3 wk. Patients were randomized to start with either 50 mg of sildenafil or placebo taken orally. The dose of sildenafil was chosen based on data showing inhibition of PDE5 in cirrhotic patients with minor side effects (27) . Five days before each study day, diuretics (spironolactone, n ϭ 8 and furosemide, n ϭ 5) were withdrawn, and patients received a sodium-fixed diet (100 mmol sodium and 60 -80 mmol potassium). On the day 6, after a 24-h urine collection for determination of sodium and potassium, and an overnight fast, the study session started. Beginning at 7 AM an oral water load of 100 ml tap water was given every 30 min until 2:30 PM. From 8 AM, the patient was placed in the seated position (which is the most neutral position with regard to sodium excretion) (2), and plastic cannulas for blood sampling and administration of tracers were inserted. The patients received a bladder catheter. Priming doses of 99m Tc-diethylenetriamine-pentaacetate ( 99m Tc-DTPA) and 131 I-hippuran were given at 8:45 AM, followed by a continuous intravenous infusion of the tracers. After a 90-min steady-state period and a 60-min basal period, sildenafil or placebo tablets were administered. From 10:30 AM, urine and blood were collected during eight consecutive 30-min periods for determination of 99m Tc-DTPA, 131 I-hippuran, sodium, potassium, and osmolality. From 10:30 AM, blood was drawn every 60 min for determination of plasma renin activity (PRA), ANG II, aldosterone, ANP, osmolality, hemoglobin, and hematocrit. Basal values in plasma of bilirubin, albumin, creatinine, sodium, and potassium and prothrombin-proconverting test activity (PP%), activated partial thromboplastin time (APTT), platelets, and alanine aminotransferase (ALAT) were determined. Mean arterial blood pressure (MAP) and heart rate (HR) were measured every 6 min by standard cuff on an automatic recorder (Colin BP 10011 S, Colin Electronics).
Determination of kidney parameters. Glomerular filtration rate (GFR) and effective renal plasma flow (ERPF) were measured as renal clearance of 99m Tc-DTPA and 131 I-hippuran using the constantinfusion clearance technique. A loading dose of 99m Tc-DTPA (0.5 mBq/kg body wt) and 131 I-hippuran (0.025 mBq/kg body wt) was followed by infusion of 99m Tc-DTPA (0.05 mBq ⅐ kg body wt Ϫ1 ⅐ h Ϫ1 ) and 131 I-hippuran (0.02 mBq ⅐ kg body wt Ϫ1 ⅐ h Ϫ1 ). GFR and ERPF were standardized to a body surface area of 1.73 m 2 . MAP was calculated as [diastolic BP ϩ (systolic BP Ϫ diastolic BP)/3]. Free water clearance (CH20) was determined by subtracting osmolar clearance (Cosm) from the urinary flow rate (V), where Cosm ϭ Uosm ϫ V/Posm, Posm is osmolality of plasma, and Uosm is the osmolality of urine. Plasma and urine electrolyte concentrations were determined by flame photometry (IL 243 flame photometer, Instrumentation Laboratory, Lexington, MA). Osmolality was measured within 24 h by freezing-point depression (Osmomat, 030D, Gonotec).
Plasma concentrations of hormones. ANP and ANG II in plasma were quantified by radioimmunoassay after acidification with 4% acetic acid and extraction in C18 Sep-Pak cartridges (Waters, Milford, MA) (11) . ANP was determined with antibody Ab 8798 (Peninsula) and the tracer IM 187 (Amersham Pharmacia Biotech) (9). The detection limit was 2.0 pg/ml. The intra-assay coefficient of variation was 4%, and recovery was 60 -70%. ANG II immunoreactivity was determined with antibody Ab 5030682 (Panum); the tracer was from Glostrup Hospital, Copenhagen, Denmark. The detection limit was 1.4 ng/l. The intra-assay coefficient of variation was 4%, and recovery was 96%. Plasma renin concentration was determined as the generation of ANG I from endogenous angiotensinogen and measured by immunoassay of generated ANG I as described (32) . PRA (in mIU/l) was calibrated to renin standards from the National Institute for Biological Standards and Control (Potters Bar, Herts, UK). Plasma aldosterone concentration was measured with a commercial kit (Coat-A-Count Aldosterone, DPC, Los Angeles, CA). The detection limit was 11 pg/ml. Plasma cGMP concentration was measured by use of a commercial kit (cGMP EIA Kit, Cayman Chemical, Ann Arbor, MI) after precipitation with ice-cold ethanol, evaporation under a stream of nitrogen, and resuspension in phosphate buffer. The intra-assay coefficient of variation was 5%, the interassay coefficient of variation was 12%, and recovery was 100%. The concentration of cGMP in urine was measured by use of a commercial kit (Biotrak, cGMP enzymelinked immunoassay, Amersham Pharmacia). The intra-assay coefficient of variation was 6%, the interassay coefficient of variation was 2.5%, and recovery was 86%.
Data presentation and statistical analysis. All values listed in tables are medians and range. Baseline values from the 2 study days were compared with a paired Student's t-test or with a Wilcoxon matched-pairs-signed-rank test. Since baseline values were not significantly different, absolute changes between the 2 study days were subjected to one-way ANOVA for repeated measurements. Bonferroni's multiple comparison test was applied to evaluate differences between mean values. In case parameters did not have a Gaussian distribution, Friedman two-way ANOVA was used for evaluation of change over time, and Dunn's test was performed when overall P Ͻ 0.05. A P value Ͻ0.05 was considered statistically significant.
RESULTS

Expression of PDE5 in human kidneys.
We performed quantitative PCR with internal plasmid standards and a RNase protection assay to elucidate whether PDE5 was expressed in human kidney. PDE5 was expressed at significant levels in human kidney, and there was no significant difference in PDE5 mRNA level between the cortex and inner medulla (n ϭ 6 and n ϭ 4 separate samples, respectively, Fig. 1A ). In the same RNA samples, renin was detected in the cortex at Ͼ60-fold higher levels compared with in the medulla (Fig. 1A) . A specific human PDE5 antisense probe was hybridized with total RNA isolated from the inner medulla of two separate human nephrectomy specimens. The assay was linear when various amounts of total RNA were hybridized with the probe and documented significant expression of PDE5 (Fig. 1B) . In microdissected rat nephron segments, PDE5 transcripts were detected predominantly in inner medullary collecting ducts (IMCD) and also in inner medullary thin limbs of Henle's loop and in the convoluted and straight parts of the proximal tubules (Fig. 1C) . As a positive control for equal loading and equal reverse transcription, ␤-actin was amplified and detected in all dissected segments (Fig. 1C, bottom) . Histological sections of Fig. 1 . A: expression of phosphodiesterase type 5 (PDE5) mRNA in human kidney cortex (n ϭ 6) and inner medulla (IM; n ϭ 4; left). Human nephrectomy specimens were separated in the cortex and inner medulla, and total RNA was analyzed by real-time RT-PCR using internal hPDE5-plasmid standards. Columns represent mean starting quantity of cDNA. Right: results from a similar experiment in which human kidney renin mRNA was quantitated in the same RNA samples as PDE5. B: autoradiograph displaying the result of RNase protection assay for PDE5 mRNA in human renal IM. Total RNA from IM of 2 nephrectomy specimens was isolated and hybridized with a human PDE5-specific antisense RNA probe in an RNase protection assay. Each sample was determined in triplicate using 5, 10, and 20 g total RNA for hybridization. C: expression of PDE5 along the rat nephron. PDE5 (expected size 627 bp) and rat ␤-actin (expected size 194 bp) cDNAs were amplified by PCR for 32 cycles from template cDNA corresponding to 1 mm of tubule length. In negative controls, water was added to the PCR mixture instead of cDNA (ϪcDNA). Ethidium bromide stained 2% agarose gels. Molecular size marker: X174/HaeIII DNA fragments. Abbreviations are standard nomenclature for various renal tubule segments. D: immunohistochemical labeling of human kidney sections for PDE5. In human kidney IM, PDE5 immunoreactivity was associated with collecting ducts and thin limbs of Henle's loop in IM (top) and with the perinuclear area of arterial smooth muscle (middle). Insets: same sections at higher magnification. Bottom: negative control with omission of primary antibody. Bar ϭ 50 m.
human kidneys were immunolabeled with a specific PDE5 antibody. Sections displayed distinct labeling associated with the perinuclear cytoplasm of inner medullary collecting duct cells and thin limb cells of Henle's Loop (Fig. 1D) , in agreement with PDE5 mRNA expression along the rat nephron. PDE5 immunoreactive protein was also observed in vascular smooth muscle cells of arteries and arterioles in human kidney, and labeling was found in the perinuclear area (Fig. 1D,  bottom) . In the absence of primary antibody no labeling was observed after reaction with chromogen substrate (DAB).
Basal functional and biochemical parameters of included patients. Clinical data and medication of the cirrhotic patients that completed the study are shown in Table 1 and basal biochemical profiles on the 2 different study days in Table 2 . Baseline values of systemic and renal hemodynamic parameters and measured hormones and electrolytes are shown in Table 3 for both study days. Patients did not differ with respect to baseline values on the day of sildenafil treatment compared with the day of placebo treatment (Tables 2 and 3 ). Of note, median sodium excretion was similar on the 2 study days, suggesting good compliance with the standardized diet. Intraindividual variations were small between the 2 experimental days, whereas interindividual variation was large despite the standardized diet regimen. As expected for this patient group, serum albumin concentration and coagulation factor activity were decreased. There were elevated bilirubin and elevated levels of renin-angiotensin-aldosterone and ANP in plasma compared with normal reference values (Tables 2 and 3) .
Effect of sildenafil on renal and systemic hemodynamics in cirrhotic patients. The effectiveness of sildenafil was validated by determination of cGMP in plasma and urine. In response to sildenafil, plasma cGMP concentration was significantly increased 120 and 180 min after administration, whereas cGMP levels did not change significantly after placebo (Fig. 2C) . In contrast to plasma, urinary cGMP excretion (U cGMP V, Table 4 ) did not change significantly in response to sildenafil. Baseline MAP and HR were similar on sildenafil and placebo treatment days (Table 3) . Absolute values for MAP and HR and relative changes with time are shown for all patients in Fig. 2, A and B . MAP was significantly decreased after 120 min and remained significantly lower at the last point of measurement, 180 min ( Fig. 2A) . In contrast, HR was significantly increased only 60 min after sildenafil treatment and then stabilized at a level not different from control (Fig. 2B ). MAP and HR did not change with time after placebo treatment. Renal perfusion (ERPF) and GFR were not significantly different in the individual patients on the 2 experimental days. Administration of sildenafil did not affect GFR and ERPF (Table 4) . Accordingly, the filtration fraction was unaffected. In some of the patients, GFR was Values are expressed as median and (range). No significant changes were found between the 2 days. lower than normal whereas other patients had above normal levels of GFR. In all cases, GFR was closely correlated with ERPF (r ϭ 0.82, P Ͻ 0.0001, placebo day, r ϭ 0.70, P Ͻ 0.0001, sildenafil day).
Effect of sildenafil on plasma concentration of hormones. The change with time of plasma renin activity (PRA), plasma ANG II, and aldosterone concentrations in each individual on the 2 experimental days is shown in Fig. 3 , A-C. Average PRA increased significantly 60 min after sildenafil compared with placebo treatment day and stayed elevated through the period of observation (Fig. 3A) . In response to sildenafil treatment, average plasma ANG II concentration increased significantly only after 60 min (Fig. 3B) . As expected, a close correlation was found between PRA and plasma ANG II levels on both placebo and sildenafil treatment days (r ϭ 0.93, P Ͻ 0.0001 and r ϭ 0.94, P Ͻ 0.0001, respectively, not shown), and this correlation was also found between plasma ANG II and aldosterone levels after placebo treatment (r ϭ 0.67, P Ͻ 0.0001) and after sildenafil treatment (r ϭ 0.64, P Ͻ 0.0001, not shown). Similar to ANG II, plasma aldosterone concentration was significantly higher only after 60 min in response to sildenafil treatment (Fig. 3C) . The basal, elevated, levels of plasma ANP did not change in response to intervention in the study (Table 4) .
Effect of sildenafil on urinary excretion of sodium, potassium, and water in cirrhotic patients. All patients were in positive sodium balance (Table 3) . Three patients excreted nominally sodium-free urine, one patient on the day of placebo treatment, and two patients on the day of sildenafil treatment. On the day of placebo treatment, average baseline sodium excretion (U Na V) was 107 (0 -1,975) mol/h, which was not statistically different from the value on the day of sildenafil treatment 209 (0 -2,345) mol/h. Figure 4 displays absolute values of urinary sodium excretion for all patients on the 2 study days. Despite the various levels of sodium excretion prior to medication, the patients responded with similar directional changes to sildenafil. U Na V decreased significantly compared with placebo. Excretion of potassium was not different on two study days and did not change throughout the study (Table 4) . Baseline urine flow rate and free water clearance (UV and C H20 ) were similar and did not change throughout the study (Table 4) .
DISCUSSION
In the present study, we tested the hypothesis that inhibition of cGMP-specific PDE5 in the kidneys promoted natriuresis in cirrhotic patients with marked sodium retention and ascites. We used the crossover design to exploit the benefits of "withinsubject" comparison and the smaller group size required. Sodium intake was standardized and diuretic treatment was stopped prior to each experiment. The data showed that PDE5 mRNA was expressed at comparable levels in normal human kidney cortex and medulla. Immunoreactive PDE5 protein was associated with medullary collecting ducts and arterial vascular smooth muscle in human kidney sections similar to localization of PDE5 mRNA in microdissected rat nephron segments (21) . This indicated local transcription and translation of the enzyme. Systemic inhibition of PDE5 in decompensated cirrhotic patients by oral administration of sildenafil at (50 mg) increased plasma cGMP concentration, reduced mean arterial pressure, decreased renal sodium excretion, and led to an activation of the RAAS that was seen before the decrease in mean arterial pressure.
Baseline values of hemodynamic parameters and plasma hormone levels were similar on the 2 days of intervention (Tables 2-4 ). The patients stopped diuretic treatments, and despite ingestion of a diet with a fixed low-sodium content (100 mmol) for 5 days, the patients were in apparent positive sodium balance with a median value of excreted sodium of 17 mmol/day (range 0.1-52 mmol/day). This is expected based on the elevated levels of renin-angiotensin-aldosterone seen at baseline in these patients and is comparable to results from a study by Warner et al. (43) , where decompensated patients had a mean urinary sodium output of 37 Ϯ 13 mmol/day after 5 days on a fixed 100-mmol sodium diet. There was a marked variability in baseline sodium excretion, GFR, and effective renal plasma flow (Tables 3 and 4) . Two patients exhibited a markedly higher sodium excretion on both study days (Fig. 4) . Despite the baseline differences among patients, the relative hormonal, antinatriuretic, and hypotensive responses to sildenafil were remarkably similar within each patient. This indicates that the response to sildenafil was relatively independent of the level of kidney function. The study design with consecutive measurements in each patient on 2 independent study days and subsequent within-subject comparison allowed detection of small differences in functional parameters. The present observation of an antinatriuretic effect of sildenafil is not consistent with the observed natriuretic effect in cirrhotic rats after administration of the PDE5 antagonist zaprinast (4). The IC 50 of zaprinast and sildenafil are 2.0 M and 3.5 nM, respectively, indicating a superior PDE5 affinity of sildenafil (24) . In decompensated cirrhotic rats, zaprinast increased sodium excretion and GFR in doses not affecting blood pressure (15-30 g⅐kg Ϫ1 ⅐min
Ϫ1
) and normalized renal tissue cGMP concentration (4) . In the present cirrhotic patients, plasma cGMP concentration was increased in response to sildenafil, as seen in healthy subjects (8) , whereas no change in urinary cGMP was observed. In healthy supine subjects, sildenafil (40 -80 mg intravenously) has been reported to cause a transient 7-to 9-mmHg decrease in systolic and diastolic blood pressures (14) , whereas oral sildenafil (50 -100 mg) did not affect blood pressure (8, 31) . Based on these results and results from cirrhotic patients where 50 mg were well tolerated (27) , we chose the lowest dose (50 mg orally) and still observed a mild, delayed decrease in MAP. This is in line with results from hypertensive subjects (20) and suggests that we did achieve systemic inhibition of PDE5. We cannot exclude that the failure of sildenafil to promote natriuresis and urinary cGMP excretion is a result of incomplete inhibition of PDE5 in the kidneys, but a more likely explanation for the sodiumretaining effect is the early activation of the renin-angiotensin system. A regular dose-response study in cirrhotic patients might provide information as to whether effects of sildenafil on kidney function are obscured by blood pressure changes or higher doses are required to obtain PDE5 inhibition in kidney tissue. However, this does not seem warranted based on published data on the bioavailability, clearance, and mild side effects of 50 mg sildenafil in patients with liver impairment (27) . Thus if PDE5 was incompletely inhibited in the kidneys with the present dose, it is not likely that renal PDE5 inhibition can be pharmacologically achieved at all in this sensitive patient group because of significant cardiovascular side effects. We observed a transient increase in HR, as seen sometimes (8), but not always (14, 31) , in healthy subjects. This was likely due to an increased activity of the sympathetic nervous system because plasma norepinephrine levels increased by 30% after sildenafil in healthy control subjects (31) . The early stimulation of HR by sildenafil could be caused by a direct effect on the central nervous system or by peripheral effects on venous return. It was less likely due to a drop in arterial blood pressure, which was first significantly lowered after 2 h. The increase in heart rate at 60 min was accompanied by increases in plasma renin, ANG II, and aldosterone concentrations before any detectable decrease in blood pressure. The rapid activation of the RAAS could be a direct stimulatory effect on reninsecreting juxtaglomerular cells or it could be secondary to increased sympathetic activity.
The pharmacokinetics of sildenafil are affected by hepatic impairment (27, 39) . In a subset of cirrhotic patients, plasma concentrations of both sildenafil and its active metabolite were increased by 50%, resulting in a systemic exposure (area under the curve) ϳ85% higher than in weight-and age-matched healthy controls (27) . Although the hypotensive effect of sildenafil was reported to be independent of dose (20) , it is likely that a higher systemic exposure in patients with liver cirrhosis contributed to the hypotensive effects observed in 3 of 9 patients. It is well known that the modest effect of sildenafil on systemic hemodynamics may be augmented by nitric oxide donors, which promote cGMP formation (20) . Endogenously elevated plasma nitric oxide levels occur in patients with cirrhosis (13) and may have contributed to an enhanced sensitivity of blood pressure to sildenafil.
ANP regulates sodium excretion, especially in states of sodium excess (18, 41) . However, several studies have shown the influence of ANP on sodium excretion to be inferior to the influence of RAAS and the sympathetic nervous system. Overexpression of ANP in transgenic mice resulted in slight hypotension and normal sodium balance at the expense of increased plasma renin activity and aldosterone (5, 21, 23) . Moreover, sodium-restricted humans did not suppress RAAS in response to ANP infusion (6) . These findings are in agreement with our results and support the view that the natriuretic effect of elevated ANP is not sufficient to overcome the effect of an activated RAAS in decompensated cirrhosis. This is in accord with other studies in which cirrhotic patients who were unable to increase sodium excretion by different volume-expanding maneuvers had more advanced liver disease, more avid sodium retention, higher RAAS activity, and a more hypotensive response to ANP compared with a group of patients responding with increased natriuresis (10, 34) . Thus these studies stress that a successful natriuretic effect of ANP in the cirrhotic patient depends on suppression of antinatriuretic systems. Other possible mechanisms of ANP resistance could be diminished delivery of sodium to the ANP-sensitive part of the nephron (1, 26) ; increased renal neutral endopeptidase activity, limiting access of ANP to receptor sites (30) ; and alteration in renal ANP receptor density or function with a higher ratio of clearance receptors to biologically active receptors (11). We did not determine intrarenal levels of cGMP after sildenafil, and therefore a relative insensitivity of cellular pathways distal to cGMP could potentially also have contributed.
We conclude that administration of a PDE5-selective inhibitor (sildenafil 50 mg) to decompensated cirrhotic patients did not promote natriuresis. On the contrary, treatment with sildenafil caused rapid activation of the RAAS and sodium retention which was associated with a decrease in arterial blood pressure.
